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We continue our exploration of the nearly Peccei-Quinn symmetric limit shared by common singlet
extensions of the Minimal Supersymmetric Standard Model. This limit has been established as a
viable framework for studying sub-electroweak scale dark matter phenomenology and has interesting
and direct connections to new exotic Higgs decay physics. We present analytic calculations to
motivate the important phenomenological features mentioned above. We also discuss benchmark
points in this model framework that accommodate the observed Galactic Center gamma ray excess.
We emphasize connections between phenomenology of dark matter direct detection and indirect
detection, and new exotic decay channels for the 125 GeV Higgs boson. We conclude by identifying
two benchmark modes of exotic Higgs decays for h → τ+τ− 6ET and h → bb¯ 6ET final states and
estimate their sensitivity prospects at the LHC.
I. INTRODUCTION
As presented in two Letters [1, 2], the Peccei-Quinn
symmetry limit of singlet extensions of the Minimal
Supersymmetric Standard Model (MSSM) encompasses
rich Higgs and dark matter (DM) physics, whose phe-
nomenology and collider signatures we began explor-
ing in [1]. The singlet extensions, like the next-to-
MSSM (NMSSM) [3], nearly-MSSM (nMSSM) [4], and
µνSSM [5], are traditionally motivated as possible so-
lutions to the notorious µ problem in the MSSM and
give rise to some limited scenarios for exotic Higgs de-
cays and DM phenomenology. It was remarked, however,
that these scenarios share a Peccei-Quinn (PQ) symme-
try limit (cf. Ref. [6]), giving rise to novel Higgs and DM
signatures outside the scope of previous studies.
Most notably, the PQ symmetry limit provides a super-
symmetric framework for studying sub-electroweak (sub-
EW) scale DM [2]. Possibilities for sub-EW scale DM in
typical MSSM contexts were stymied by LEP constraints
and acceptable relic density requirements [7]. Having a
sub-EW DM particle, however, neatly dovetails with ex-
citing opportunities in Higgs physics, as the 125 GeV
Higgs discovered by CMS [8] and ATLAS [9] has new ex-
otic decay channels available. This connection between
DM physics and exotic Higgs decays in the PQ symmetry
limit scenario was explicitly explored in Ref. [1] for two
benchmark models that gave rise to two distinct exotic
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Higgs signatures of µ+µ− 6ET and bb¯ 6ET from the 125 GeV
Higgs decay. In this work, we will continue exploring this
connection between DM physics and Higgs collider phe-
nomenology with two new benchmarks. The first, which
will give the exotic Higgs decay channel τ+τ− 6ET, will
help complete the set of possible observable or theoreti-
cally well-motivated decay modes for the 125 Higgs bo-
son. The second will be a new benchmark corresponding
to the bb¯6ET exotic decay, which instead of being opti-
mized for discovery at the LHC, would instead be moti-
vated as a possible model explaining the Galatic Center
gamma ray excess [10–17]. Other discussions of models
and associated phenomenology for the Galactic Center
(GC) gamma ray excess include Refs. [18–44], although
some interesting non-DM explanations are discussed in
Refs. [45, 46].
We will first review the phenomenology of the PQ-
axion supermultiplet and the nearly PQ-symmetry limit
of the NMSSM and nMSSM in Sec. II, which includes
the sub-EW scale dark matter physics in this scenario,
with bounds from both direct detection experiments and
the parameter space favored by the GC gamma ray ex-
cess covered, as well as its potential connection to exotic
decays of the 125 GeV Higgs boson. In Sec. III, we de-
tail our LHC search strategies for the separate channels
of h2 → τ+τ− + 6ET and h2 → bb¯ + 6ET. We conclude
in Sec. IV. Detailed calculations of the mass eigenvalues
and eigenstates of the CP -even Higgs sectors in the PQ-
symmetry limit as well as the coupling yh2a1a1 are given
in Apps. A and B.
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2II. PHENOMENOLOGY OF THE
PECCEI-QUINN SYMMETRY LIMIT
As mentioned in Sec. I, the PQ symmetry limit of
singlet extensions of the MSSM provides a supersym-
metric context for studies of sub-EW scale DM and the
corresponding exotic Higgs decays. In the PQ symme-
try limit, the superpotential and soft supersymmetry-
breaking terms are given by
W = λSHuHd ,
Vsoft = m
2
Hd
|Hd|2 +m2Hu |Hu|2 +m2S |S|2
− (λAλHuHdS + h.c.) , (1)
where Hd, Hu and S denote the neutral Higgs fields of
the Hd, Hu and S supermultiplets, respectively. We will
temporarily ignore any possible explicit breaking of the
PQ symmetry in Eq. 1, e.g. an NMSSM superpotential
term κS3, but we remark that such small terms are typ-
ically required in more realistic scenarios. In addition,
we will further narrow our focus to the decoupling limit
given by λ = µvS . O(0.1 − 0.3) (〈S〉 = vS), which will
simplify our analytic analysis as well as help avoid a Lan-
dau pole problem. We will also assume that there is no
explicit CP -violation in the Higgs sector, since the cur-
rent experimental data constrains large mixing between
the CP -even and CP -odd Higgs states [47, 48].
In this scenario, there are three important characteris-
tics distinguishing it from typical MSSM or NMSSM-like
scenarios, and we will discuss each in turn.
A. The Peccei-Quinn axion supermultiplet
First, because of the PQ-symmetry and supersymme-
try (SUSY), there simultaneously co-exist three particles
of sub-EW scale: the gauge singlet-like CP -even and CP -
odd Higgs bosons, h1 and a1, and the singlino-like neu-
tralino, χ1, with their masses much lighter than the scale
of the PQ symmetry breaking and their phenomenology
approximately model independent. These particles or
mass eigenstates are strictly reduced to the PQ axion
supermultiplet (saxion (s), axion(a), and axino (a˜)) in
the SUSY limit.
The Goldstone (or PQ axion) supermultiplet is repre-
sented by
A = A+
√
2θa˜+ θ2FA , A =
1√
2
(s+ ia) (2)
after the PQ symmetry is spontaneously broken, where
A =
∑
i
qivi
vPQ
(Σi − vi) , (3)
in which i = 1, 2, 3, vi = {vS , vu, vd} and Σi = {S, Hu,
Hd} are the superfields charged under the PQ symmetry
with 〈Hu〉 = vu, 〈Hd〉 = vd and v =
√
v2u + v
2
d = 174
GeV. Here vPQ =
√∑
i q
2
i v
2
i is the U(1)PQ breaking scale
and qi is an effective U(1)PQ charge of Σi. In our model,
qd = −qS sin2 β , qu = −qS cos2 β , (4)
and
vPQ = |qS |
√
v2S +
sin2 2β
4
v2 , (5)
where tanβ = vu/vd. If Σi is not charged under any
other continuous symmetries, then qi is simply its U(1)PQ
charge [49]. The axion (a) mass is protected by the
Goldstone theorem, and it is related to the saxion (s)
and axino (a˜) masses by SUSY. If the U(1)PQ sym-
metry is global and SUSY is unbroken, then we have
ms = ma˜ = ma = 0. If SUSY is broken (this is often
true when vi 6= 0), the saxion and axino become massive
while the axion remains massless. There are two sources
which may contribute to the mass splitting between the
superfield components. The first arise as diagonal correc-
tions in superspace. The second is the separate real scalar
and fermion mixing with other massive particles. In the
latter case, the mass eigenstates become misaligned with
the original saxion and axino states. For λ . 0.1, vS is
of TeV scale or above, since an EW scale µ is required by
electroweak symmetry breaking (EWSB). This immedi-
ately leads to vPQ ∼ vS  v. The PQ symmetry break-
ing is then mainly controlled by the singlet superfield S,
and A is hence S-like.
The diagonal axino mass at tree level is given by
ma˜ =
−∑i q2i viFi
v2PQ
, (6)
where Fi is the F -component of the i
th chiral supermulti-
plet which is charged under the U(1)PQ symmetry. Note
ma˜ falls to zero when none of the PQ-charged F -terms
obtain a vacuum expectation value [49]. Given
FHd = λvSvu ,
FHu = λvSvd ,
FS = λvdvu , (7)
we have
ma˜ = −λ
2v2 sin 2β
µ
+
∑
i
O
(
λ5−i
tani β
)
. (8)
Since vPQ ≈ vS  v, the axino is mostly singlino in our
case. The contribution to the axino mass from mixing
with the gauginos is further suppressed by the product
of λv/µ ≈ v/vPQ and a gauge coupling factor. An ax-
ino as light as O(10) GeV or even lighter is therefore
quite natural in this context. We denote the axino and
other neutralinos as χi, with χ1 (mostly singlino) being
the lightest. The largest non-singlino content of χ1 is
Higgsino, which is of the order λv/µ and hence can be
3very small in our case. One important constraint on this
scenario is the contribution of Z → χ1χ1 to the Z in-
visible decay width. In our case, the Zχ1χ1 coupling is
suppressed by (λv/µ)2, which is small in the decoupling
limit since λ . 0.1 and µ ∼ v [2]. At the same time,
Z → χ1χ2, if kinematically allowed, is only suppressed
by λv/µ and can be more constraining.
Next we consider the saxion mass, which has been dis-
cussed in detail in Refs. [2, 50]. We briefly summarize the
main conclusions here. At tree level, in the large tanβ
limit, the minimum of the scalar potential in our scenario
satisfies
Aλ ≈ µ tanβ  mZ . (9)
For later convenience, we introduce two parameters
ε′ =
Aλ
µ tanβ
− 1 , ε = λµ
mZ
ε′ , (10)
which characterize the deviation from the exact relation
in Eq. (9). After EWSB, the saxion mixes with two CP
even Higgses. We denote the lightest scalar as h1. At
tree level, we have
(m2h1)tree = −4v2ε2 + 16
v4
m2Z
ε4
+
4λ2v2
tan2 β
(
1− εmZ
λµ
)(
1 +
2εµ
λmZ
)
+
∑
i
O
(
λ5−i
tani β
)
. (11)
We see that in the decoupling limit, λ  1, mh1 can be
much smaller than the EW scale without too much fine
tuning. At the same time, to avoid a tachyonic mass for
h1, there is an upper limit
ε2 <
λ2
tan2 β
. (12)
Based on these discussions, we would expect a natural
co-existence of three light singlet or singlino-like parti-
cles, h1, a1, and χ1, in the PQ symmetry plus decou-
pling limit of singlet extensions of the MSSM. We also
expect some small explicit PQ symmetry breaking which
would generate a small mass for the axion, a1. This fea-
ture is clearly shown in the NMSSM context in [2], while
the lightness of χ1 in the PQ limit of the other MSSM-
extensions was also noticed in Refs. [51, 52]. The light
singlino-like χ1 provides a natural supersymmetric sub-
EW scale DM candidate. In particular, the existence of
light a1 and h1 states allow χ1 to achieve simultaneously
the correct relic density and a spin-independent direct
detection cross section varying over several orders, which
is the focus of Subsec. II B. We remark that this feature
is absent in the R-symmetry limit of the NMSSM, where
the coupling of the cubic term in superpotential κ is large,
leading to large contributions to the masses of both mh1
and mχ1 at tree level.
B. Sub-EW scale singlino DM
Second, if we assume R-parity conservation, χ1 can
be a good DM candidate at the sub-EW scale, in con-
trast with usual MSSM constructions. The direct detec-
tion cross section for χ1 varies within a large range and
arises dominantly via the exchange of a light scalar with
nucleons. Moreover, the relic density is driven by pair
annihilation of singlino-like neutralinos probing the light
pseudoscalar resonance [2] and can match current mea-
surements. While the correct DM relic density can also
be achieved via an s-channel exchange of the singlet-like
CP-even Higgs boson, this process has no s-wave contri-
bution and suffers a p-wave suppression: realistic scenar-
ios typically require more fine-tuning, and the variability
of the direct detection cross section is much more con-
strained for a given mχ1 .
In the past decade, motivated by a series of interesting
direct detection experimental results (see [53–60]), many
studies of sub-EW scale DM have been performed in var-
ious contexts (e.g., see [2, 7, 61]). It was found, however,
that a strict MSSM context for sub-EW scale DM is not
easy to achieve. Of the MSSM neutralinos, a wino-like
or higgsino-like DM candidate would have an associated
chargino at about the same mass and be ruled out from
searches at LEP. A bino-like DM candidate may be feasi-
ble, but it potentially requires the existence of extra light
particles, such as sfermions, to mediate annihilation or
coannihilation for reducing the DM relic density to an
acceptable level, which has been generally excluded by
SUSY searches at LEP and the LHC. These factors make
sub-EW scale DM highly constrained in the MSSM (for
more discussions , e.g., see [7]). In the singlet extensions
of the MSSM, however, a light singlino-like neutralino,
which generally arises in the nearly PQ-symmetry limit,
is relatively unconstrained, and so the PQ-limit provides
a supersymmetric benchmark to explore sub-EW scale
DM phenomenology [2] (for some of the subsequent stud-
ies on DM physics in or related to this scenario, see [62]).
Sub-EW scale DM is now being revisited in the context
of the GC gamma ray excess [10–17] interpreted as an
indirect detection of DM [10, 12, 13, 15–44]. This gamma
ray excess was identified from data collected by the Fermi
Gamma Ray Space Telescope, and studies indicate the
excess extends at least 10◦ from the GC, lessening the
possibility of astrophysical fakes. Fits to the spectrum
favor a roughly 30 GeV dark matter particle annihilating
to bb¯, with an annihilation cross section corresponding to
that of a thermal relic, 〈σvrel〉 = 3 × 10−26 cm3/s [10,
12, 13, 15–18]. Again, this hint of sub-EW scale DM
cannot be accommodated in the MSSM, but we will show
a suitable benchmark in the PQ limit of singlet extensions
of the MSSM.
In particular, the natural annihilation channel for 30
GeV singlinos in the PQ symmetry limit is via χ1χ1 →
a1 → bb¯. For mχ1 ∼ 30 GeV and ma1 ∼ 60 GeV, the a1
pseudoscalar preferentially decays to the heaviest kine-
matically open pair of SM fermions, namely bb¯. For the
4GC gamma ray excess, this will serve to avoid diluting
the gamma ray spectrum shape.
The light a1 and h1 states are critical for helping χ1
achieve the appropriate relic density as well as determin-
ing the direct detection possibilities. Unlike an s-wave
dominant annihilation process, the thermally averaged
annihilation cross section 〈σvrel〉 is sensitive to the tem-
perature for processes mediated by the Breit-Wigner en-
hancement effect, e.g., the one under consideration (for
general discussions on the Breit-Wigner mechanism in
DM physics, see [63, 64]). This is simply because the
chance for the annihilated DM particles to sit on or close
to the mediator resonance is temperature-dependent. For
example, if ma1 is smaller than 2mχ1 , as the temperature
decreases, the annihilated DM particles get less active
and hence have a better chance to sit close to the medi-
ator resonance or have a larger 〈σvrel〉. Explaining the
GC gamma-rays requires 〈σvrel〉 ∼ 10−26 cm3/s. This
means that 〈σvrel〉 is smaller than this value in the early
universe and the DM particles therefore are generically
over-produced. So we will consider the case ma1 > 2mχ1
only. Different from the first case, 〈σvrel〉 tends to have
a larger value in the early Universe in this case (e.g.,
see [65]), leading to
Ωh2 ∼ 10−4 × 0.5
erfc
(√
mχ1
Tf
∣∣∣1− m2a14m2χ1 ∣∣∣
) (13)
To generate the observed DM relic density, therefore,
new inputs like non-thermal production mechanisms are
needed. This can be achieved by decaying thermally pro-
duced next-to-lightest supersymmetric particle (NLSP)
(with its density before the decay denoted by ΩNLSPh
2),
such as slepton, sneutrino or neutralino, with the DM
relic density given by
Ωh2 =
mχ1
mNLSP
ΩNLSPh
2. (14)
We will leave the detailed discussions of such mechanisms
for future work.
C. Exotic Higgs decays
The third main feature of the PQ symmetry limit is
the set of new exotic decays for the SM-like Higgs boson,
which can be potentially probed at colliders soon or in
the future. We first note that in the PQ symmetry limit,
unlike the R-symmetry limit, the exotic decay channels
of the SM-like Higgs into a pair of light singlet-like CP -
even or CP -odd Higgs bosons are generically suppressed.
The suppressed tree-level couplings of the SM-like Higgs
boson h2 with h1h1 and a1a1 can be directly calculated
from the Higgs potential, given by [2]
yh2a1a1 = −
√
2λε
mZv
µ
+
∑
i
O
(
λ4−i
tani β
)
,
yh2h1h1 = −
√
2λε
mZv
µ
+ 2
√
2ε2v
+
∑
i
O
(
λ4−i
tani β
)
(15)
in the exact PQ limit. Here we have used the mix-
ing parameters given in Eq. (A3) in Appendix A. Al-
ternately, the coupling yh2a1a1 can be calculated using
the properties of the Goldstone boson, which we detail
in Appendix B. We see that both Br(h2 → h1h1) and
Br(h2 → a1a1) are suppressed by |λε|2  1. Therefore,
these decay channels are rather inconsequential for the
SM-like Higgs search in our scenario. This is different
from the well-known physics in the R-symmetry limit
of the NMSSM [66], where a1 is light, playing a role of
pseudo-Goldstone boson in breaking the approximate R-
symmetry. There, the decay of the SM-like Higgs boson
h2 → a1a1 is typically significant.
h2
χ1
χ2
χ1
h
1 , a
1
f
f¯
FIG. 1: A new decay channel for the SM-like Higgs boson,
h2, in the PQ-symmetry limit of the NMSSM.
The suppression of the h2 → h1h1, a1a1 decay channels
and the lightness of singlino-like χ1 in the PQ symmetry
limit open up possibilities for a new category of exotic
decays of the 125 GeV Higgs boson which are initiated
by decay into two fermions [1]:
• if χ2 is bino-like and satisfies mχ2 < mh2 − mχ1 ,
then h2 can decay significantly via h2 → χ1χ2;
• if χ2 is bino-like and satisfies mχ2 < mh22 , then h2
can also decay significantly via h2 → χ2χ2, though
its branching ratio is relatively small, compared
with h2 → χ1χ2, due to the phase space suppres-
sion.
The bino-like neutralino subsequently decays via the fol-
lowing main ways [1]:
• χ2 → χ1h1/a1 → χ1ff¯ , which is favored most by
kinematics in general context, due to the lightness
of h1/a1.
5• χ2 → χ1Z/Z∗ → χ1ff¯ , though this chain is
strongly constrained by the availability of the phase
space.
• χ2 → χ1γ, whose branching ratio can be as large as
O(0.01 − 0.1) in the case where the mass splitting
between χ1 and χ2 is small, say, mχ2 − mχ1 <
ma1/h1 ,mZ [67].
The complete decay chain which is favored most by kine-
matics is shown in Fig. 11. In addition, though it is not
the focus of this article, if mh2 . mχ1 +mχ2 , h2 → χ1χ1
can be significant. So, the decay topologies of h2 in this
scenario are very rich. As a matter of fact, for the seven
possible topologies listed in Fig. 2 of Ref. [67], all of
them can be achieved in this scenario except that the
one h2 → 2→ 4 is generically suppressed.
The richness of the h2 decay topologies necessarily
leads to variety of its kinematics at colliders. However,
all of these decay chains eventually give a final state with
at least one singlino-like χ1, the collider signatures there-
fore are generically semivisible (here we will not consider
the possibility h2 → χ1χ1) or characterized by missing
transverse energy (MET) and some visible objects, with
or without a resonance. For example, we have
h2 → 6ET + bb¯, τ+τ−, `+`−, γγ, γ , (16)
for h2 → χ1χ2. The visible objects can be either colli-
mated, via the decays of the light resonance a1/h1, or
isolated, via the decays of the Z boson. The discussion
can be generalized to h2 → χ2χ2 though its final state
is more complicated and the decay products tend to be
softer. The sensitivity of the LHC to these possibilities
is mainly driven by the final state signature. Here we
will focus on the topology shown in Fig. 1, considering
its novelty and its favoredness by kinematics.
For h1, a1 . 1 GeV, the corresponding decay h2 →
µ+µ− 6ET is easy to identify at the LHC with a special-
ized muon-jet identification procedure, which we detailed
in [1] and has been highlighted as one of the highly moti-
vated exotic Higgs searches within the 7 and 8 TeV data
set of the LHC in Ref. [67]. For 1 . h1, a1 . 4 GeV, the
decay to strange mesons or a gluon pair is typically dom-
inant [67]. They are very difficult to detect, and we do
not expect that any sensitivity can be obtained with con-
ventional cut and count analyses. But, potentially this
parameter region can be still probed by h2 → µ+µ− 6ET
with a future data set from the LHC run II program,
given Br(a1 → µ+µ−) ∼ O(0.01− 0.1) for tanβ > 1 [67].
For 4 . h1, a1 . 10 GeV, the decay to tau pairs and
missing transverse energy can be potentially probed with
large amounts of integrated luminosity, which we dis-
cuss in Subsec. III A. For scalar and pseudoscalar masses
1 This decay topology was also noted in a simplified model con-
text [68].
larger than 10 GeV (and given the decay topology in
Fig. 1), the dominant decay to bb¯ is possible to probe
at the LHC. We studied one discovery possibility in [1],
but in Subsec. III B, we will focus on a new benchmark
motivated by the GC gamma ray excess.
As a last comment in this section, we note that the
monojet searches at the LHC (cf. [69]) generally have
no sensitivity to this scenario, even if σSI is as large as
10−40 cm2. This is because the singlet-like mediator typi-
cally has a small production cross section and in addition,
mainly decays into the SM fermions.
D. Parameter space scan
We can illustrate many of the features described in
Subsecs. II A– II C with a general parameter space scan
in the PQ symmetry limit of the NMSSM.
In Fig. 2, we show the current bounds of DM direct
detections on this scenario, with the black points result-
ing in a relic density Ωh2 ≤ 0.131 and satisfying all of
the other built-in constraints in NMSSMTools 4.2.1 [70],
such as from Higgs searches, superpartner searches, muon
g−2, flavor physics, invisible Z-decay, and the constraints
from Υ decays. The curves show limits at 90% C.L.
from the CDMSlite [53] (green), updated XENON10 S2-
only [54] (brown), XENON100 [55] (red), and LUX [56]
(yellow) analyses. The contours identify possible signal
regions associated with data from CoGeNT [57] (brown,
90% C.L.), DAMA/LIBRA [58] (orange, 99.7% C.L.),
CRESST [59] (purple, 95.45% C.L.), and CDMS II Si [60]
(blue, 90% C.L) experiments. The orange star corre-
sponds to the benchmark presented in Table I. The un-
constrained parameter space in this scenario can be read-
ily probed by future iterations of current DM direct de-
tection experiments.
In Fig. 3, we show physics in the neighborhood of
the benchmark point (orange star) which is used to ex-
plain the GC gamma-ray excess. The panels in the
top row show the simultaneous smallness of mh1 , ma1
and mχ1 . The panels in the middle row show the relic
density given by a pair annihilation enhanced by the
a1-mediated Breit-Wigner effect, as well as the ther-
mally averaged annihilation cross section in the Universe
nowadays. Indeed, one can find a narrow band where
〈σv〉0K ∼ 10−26cm3s−1. Yet, the overlap of this band
with the correct Ωχ1h
2 is a very small slice of the pa-
rameter space. Obtaining the correct relic abundance
requires a delicate fine-tuning of parameters if the anni-
hilation mechanism through the a1 pseudoscalar is the
only avenue available, and indeed, the benchmark pre-
sented in Table I does not have an appropriate Ωχ1h
2
to saturate the DM relic density. As emphasized before,
however, non-thermal production mechanisms of the DM
can alleviate this problem and are, in fact, required for
much of the parameter space. This can be satisfied by de-
cays of thermally produced NLSPs, which put nontrivial
constraints on the remaining sparticle spectrum outside
6FIG. 2: Spin-independent direct detection cross section for χ1 in the nearly PQ-symmetry limit of the NMSSM. The scan is over
all parameters, in the ranges 0.05 ≤ λ ≤ 0.3, 0.0005 ≤ κ ≤ 0.03, |ε′| =
∣∣∣ Aλµ tan β − 1∣∣∣ ≤ 0.25, −120 ≤ Aκ ≤ 0 GeV, 5 ≤ tanβ ≤ 25,
and 100 ≤ µ ≤ 400 GeV. We have assumed soft squark masses of 2 TeV, slepton masses of 200 GeV, Au,d,e = −3.5 TeV, and
bino, wino and gluino masses of 80− 120, 200, and 2000 GeV, respectively. The black points have a relic density Ωh2 ≤ 0.131
(a default choice set in NMSSMTools 4.2.1 [70]). The curves show limits at 90% C.L. from the CDMSlite [53] (green), updated
XENON10 S2-only [54] (brown), XENON100 [55] (red), and LUX [56] (yellow) analyses. The contours identify possible signal
regions associated with data from CoGeNT [57] (brown, 90% C.L.), DAMA/LIBRA [58] (orange, 99.7% C.L.), CRESST [59]
(purple, 95.45% C.L.), and CDMS II Si [60] (blue, 90% C.L) experiments. The orange star corresponds to the benchmark
presented in Table I.
λ κ Aλ Aκ µ tanβ mh1 ma1 mχ1
0.21 0.01 3047.2 −78.0 307.8 10.0 21.9 58.9 29.4
mh2 mχ2 Br(h2 → SM) Br(h2 → χ1χ2) Br(χ2 → χ1h1) Br(h1 → bb¯) Ωh2(10−5) σSI(10−46) 〈σv〉0K(10−26)
125.0 80.9 75.0% 18.5% 100% 86.7% 8.0 1.7 2.5
TABLE I: Benchmark of sub-EW DM in the nearly PQ-symmetry limit of the NMSSM which is dedicated to encoding the
event excess of cosmic gamma-ray from the GC. Soft SUSY-breaking sfermion and gaugino parameters are as given in the
caption of Fig. 3. All mass parameters are in GeV, and σSI and 〈σv〉0K have units of cm2 and cm3/s, respectively.
of the exotic Higgs decay signatures. The cosmological
constraints and limits from direct collider searches and
indirect flavor observables on the required sparticle spec-
trum to non-thermally produce the χ1 DM is a discussion
we will reserve for future work. Nonetheless, the panels
in the last row indicate that, if χ2 is bino-like and of the
sub-EW scale, the decay of h2 → χ1χ2 is significant.
III. EXOTIC HIGGS DECAYS SEARCH
STRATEGIES AT THE LHC
We now focus on the possibilities for exotic decays
of the SM-like Higgs boson that arise from the PQ-
symmetry limit. As depicted in Fig. 1, we study the
decay chain h2 → χ1χ2, with χ2 → χ1h1, χ1a1, and h1,
a1 → ff¯ . For our benchmark scenario, the collider sig-
nature will be ff¯ + 6ET +X, where the SM fermions ff¯
are produced via the decay of the light resonance h1 or a1
and appear as a pair of collimated leptons, jets, or merge
7FIG. 3: Embedding the gamma ray excess from the GC as DM signals in the nearly PQ-symmetry limit of the NMSSM.
Here λ = 0.21, κ ≤ 0.01, ε′ = −0.01, and Aκ = −78 GeV have been assumed. In addition, soft SUSY-breaking parameters
for gauginos, squarks, and sleptons are set to be M1 = 85 GeV, M2 = 200 GeV, M3 = 2000 GeV, M˜
2
l = (200GeV)
2, and
M˜2q = (2000GeV)
2, respectively; soft SUSY-breaking trilinear parameters are assumed to be Au = Ad = Al = −3500 GeV.
The orange star represents the benchmark point shown in Table I.
into a fat jet at the LHC, and X denotes the decay prod-
ucts of the particles produced in association with h2. We
have studied the cases with ff¯ = µ+µ−, bb¯ in Ref. [1].
Here, we will extend our analysis to include the τ+τ−
final state as well as consider a modified benchmark for
the bb¯ channel that is motivated by the connection to the
GC gamma ray excess.
Similar to Ref. [1], we introduce a scale factor
ceff =
σ(pp→ h2)
σ(pp→ hSM) × Br(h2 → χ1χ2) (17)
×Br(χ2 → h1χ1)× Br(h1 → ff¯) ,
where σ(pp → h2) and σ(pp → hSM) are the production
cross sections for the SM-like and SM Higgs boson (the
first calculated in the PQ-symmetry limit of the NMSSM
and the second calculated in the SM) in the relevant pro-
duction mode, and we assume the narrow width approxi-
8mation for each intermediate decaying particle. The cur-
rent limits on an invisible or unobserved decay width
for the Higgs boson are as large as 60% (25%) at the
95% C.L., with an enhanced Γ(h2 → gg) allowed (not
allowed) [71]. As the limit on a non-standard Higgs de-
cay width improves, our final sensitivity results can be
rescaled by the ceff factor, in the same spirit as the sim-
plified model framework [72]. We also note that exotic
production modes for the SM-like Higgs boson could in-
crease the effective production rate [73]. The effective
rate for our signal, however, not only derives from di-
rect exotic decays of the SM-like Higgs but also from
alternative production modes of the light NMSSM res-
onances in our model. From Table I, we note that the
bino-like χ2 has a 100% branching fraction to χ1h1: this
is reminiscent of gauge-mediation SUSY models with a
light gravitino, where every SUSY cascade in our model
ends with a χ2 NLSP that subsequently decays to χ1h1.
Hence, the LHC prospects of discovering the signature
of light NMSSM resonances could be greatly enhanced
via non-Higgs exotic decays and not be constrained by
global fits to the invisible or exotic decay branching frac-
tion of the SM-like Higgs. Although our analyses are
optimized for finding the light NMSSM resonances via
their kinematics as decay products of the SM-like Higgs,
these additional modes would certainly improve the sen-
sitivity prospects as long as the new sparticles are within
the reach of the LHC. Hence, the ceff scaling factor de-
fined in Eq. (18) only captures a piece of the potential
signal yield for h1 + 6ET production. Clearly, though,
an optimized analysis of these additional modes would
require a separate collider analysis, which we reserve for
future work.
In our analyses, the signal and background samples for
both analyses are simulated using MadGraph 5 [74] with
CTEQ6L1 parton distribution functions [75] and MLM
matching [76, 77], with a matching scale Q = 30GeV.
The h2 decays are handled in MadGraph 5 implementing
an NMSSM model file based on Ref. [2]. These events
are showered and hadronized using Pythia v6.4.20 [78].
Jet clustering is performed with the FastJet v.3.0.2 [79]
package. As with Ref. [1], we use a mock detector simula-
tion incorporating ATLAS and CMS performance results
on jets [80], electrons [81], muons [82], and missing en-
ergy [83].
A. Case I: h2 → τ+τ− + 6ET
For 4 . mh1 . 10 GeV, the dominant decay of h1 pro-
ceeds via two tau leptons. For concreteness, we adopt the
benchmark indicated in Table II. Because of the small
h1 mass, the two taus are relatively soft and only ob-
tain their boost from the kinematics of the cascade de-
cay. So we adopt the SM Higgs production mode Zh2
and we will trigger on Z → `+`−, ` = e or µ. The
moderate boost to h2 provided by the recoiling Z com-
bined with the available phase space from the cascade
decay h2 → χ2χ1, χ2 → χ1h1, h1 → τ+τ− will serve to
roughly collimate the ditau pair. We will focus on the
tau decays characterized by one-prong and three-prong
tracks, where the prongs include both charged pions as
well as charged leptons. The alternate high pT , isolated
leptonic tau decays will likely be very difficult to iden-
tify because of the loss of statistics and the characteristic
softness of the leptons. Then, the signal is characterized
by an opposite-sign (OS), same-flavor (SF) dilepton Z
candidate, a jet with track counts consistent with tau
parents, and missing transverse energy.
mh1 mh2 mχ1 mχ2
h1 → τ+τ− 8 GeV 125 GeV 10 GeV 80 GeV
TABLE II: Benchmark used for the collider analysis of h2 →
τ+τ− + 6ET.
The SM backgrounds for this challenging signal are Z+
jets, Z → `+`−, fully leptonic tt¯, fully leptonic W+W−,
fully leptonic W±Z, and ZZ → ``νν. For the elec-
troweak Z+ jets and the diboson backgrounds, we adopt
a flat K-factor of 1.3. The tt¯ background is normalized
to 833 pb at 14 TeV LHC [84] to account for next-to-
leading order (NLO) + next-to-leading logarithm QCD
corrections. The signal cross section for Zh2 production
was fixed to 0.9690 for h2 125 GeV [85], which includes
next-to-next-to-leading order QCD + NLO EW correc-
tions. We adopt ceff = 1, and our results can be readily
rescaled for other values.
For efficient Monte Carlo generation, we apply prese-
lection cuts to the backgrounds. Namely, we require at
least one jet with pT > 30 GeV and leptons have pT > 20
GeV. The signal sample is without preselection require-
ments.
Events are clustered with the anti-kT algorithm us-
ing R = 0.6, which will serve as our candidate hadronic
di-tau signal jet. We select events with at least two
leptons with pT > 20 GeV and |η| < 2.5, excluding
1.37 < |η| < 1.52 for electron candidates. The high-
est pT pair of leptons is required to be the same flavor
and opposite sign (OS), and their invariant mass must
fall within 10 GeV of the Z mass. This helps reduce the
non-resonant dilepton background from tt¯ and W+W−,
as evident in Fig. 4.
We next require 6ET > 75 GeV, which helps reduce
the Z+ jets background. Although the Z+ jets back-
ground has no intrinsic source for MET, our jet mismea-
surement modeling leads to spurious MET signals. Also,
as opposed to traditional SUSY pair production jets +
MET searches, the mass scale for our hard process is not
large, so the MET tail in our distribution is not highly
pronounced, see Fig. 5. A future analysis in this channel
would greatly benefit from improving the jet mismeasure-
ment modeling and a possible subtraction of the Z+ jets
background from the differential MET distribution.
We can readily eliminate much of the remaining tt¯
background by vetoing b-tagged jets, where we adopt a
b-tagging efficiency of 60% for b-jets, 10% for c-jets, and
a 1% mistag rate. We isolate the Njet = 1 bin and study
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FIG. 4: Opposite-sign, same flavor lepton pair invariant mass
distributions for the h1 → τ+τ− signal benchmark (green),
and Z+ jets ×1/500 (red), W±Z (magenta), ZZ (yellow),
tt¯×1/10 (blue), and W+W− (gray) backgrounds. The signal
is normalized using ceff = 1. The black vertical lines at 81.2
GeV and 101.2 GeV mark the dilepton mass window used in
our analysis.
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FIG. 5: MET distributions for the h1 → τ+τ− signal bench-
mark (green), and Z+ jets × 1
500
(red), W±Z (magenta), ZZ
(yellow), tt¯× 1
10
(blue), and W±W∓ (gray) backgrounds. The
signal is normalized using ceff = 1. The black vertical line at
75 GeV indicates our MET cut.
the track content. From Fig. 6, we see that the signal
characteristically has fewer hard tracks than the back-
grounds, with prominent peaks at 2 and 4 tracks corre-
sponding to the two one-prong and three-prong hadronic
tau decays. We sum over 1 to 5 tracks in a moderately in-
clusive fashion to help avoid difficulties with track quality
requirements. The cut efficiencies are listed in Table III.
After applying all selection cuts, we find the signal can
be detected with 2σ expected exclusion sensitivity from
500 fb−1 of LHC 14 TeV data, assuming ceff = 1. For
ceff = 0.5, however, we expect the total HL-LHC luminos-
ity of 3 ab−1 would only have 2.4σ sensitivity. This result
is mainly driven by the very large Z+ jets background,
where the only effective cuts to reduce this background
is our 6ET > 75 GeV requirement and the track number
cut. As mentioned before, the MET tail from the Z+ jets
background arises from our modeling of jet mismeasure-
ment, which should roughly reproduce the gross features
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FIG. 6: Number of charged tracks with track pT > 1 GeV
for the h1 → τ+τ− signal benchmark (green), and Z+ jets
× 1
500
(red), W±Z (magenta), ZZ (yellow), tt¯ × 1
10
(blue),
and W±W∓ (gray) backgrounds. The signal is normalized
using ceff = 1. We count the number of events with 1 to 5
tracks, indicated by the black lines.
of an experimental analysis. But a better understanding
of the jet energy scale will help improve the modeling
of the MET tail, likely leading to improved discovery
and exclusion prospects. An extensive improvement on
the track number requirement is certainly possible, but
would realistically include additional handles to optimize
low pT hadronic tau candidates in a high pile-up environ-
ment. This type of analysis is beyond the scope of the
current work, but we reserve such a study for future work.
In addition, considering traditional SUSY pair produc-
tion modes that lead to χ2 intermediate states in the cas-
cade would provide a second source of h1 → τ+τ− sig-
nal events, where the more energetic kinematics would
serve as a stronger handle against the backgrounds and
also lead to improved prospects. As mentioned earlier,
such production modes could also effectively enable sig-
nal rates to be uncorrelated with the potential improve-
ment in the invisible and undetected branching fraction
of the Higgs, which we parametrize by ceff.
B. Case II: h2 → bb¯+ 6ET
For mh1 > 10 GeV, the light Higgs-like scalar domi-
nantly decays to bb¯. As we are motivated by considering
a possible model for the GC gamma ray excess, we have
adopted a benchmark point consistent with the param-
eter space scan presented in Sec. II B, which is listed in
Table IV. This also contrasts with our previous study in
Ref. [1], where the h1 mass was much higher and hence
easier to identify from the continuum Z+ heavy flavor
jets background. In this case, the h1 mass is 20 GeV,
leading to a relatively soft bb¯ pair. The event signature
from the h2 cascade is then bb¯+ 6ET. Since the 6ET signa-
ture is only present to the extent that the bb¯ system re-
coils, we again need a hard object for h2 to recoil against
as a useful trigger and to enhance the MET significance.
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Cut and Z + h2 Z+ jets, Z → `` tt¯→ b`+νb¯`−ν W+W− → `+ν`−ν W±Z → `±ν`+`− ZZ → `+`−νν
Efficiencies 0.098 ×ceff pb 593.4 pb 41.82 pb 2.412 pb 0.3461 pb 0.1299 pb
At least two SF, OS leptons with pT > 20 GeV,
within Z window 0.4389 0.4950 3.161E-2 3.151E-2 0.3113 0.4977
MET > 75 GeV 0.1632 1.803E-2 1.544E-2 9.002E-3 0.1057 0.2269
Require Nb−tags = 0, only one jet pT > 20 GeV 6.052E-2 7.046E-3 4.03E-4 4.729E-3 4.226E-2 0.1313
Require 1− 5 tracks with pT > 3 GeV 3.710E-2 2.739E-3 6.526E-5 1.464E-3 1.575E-2 4.712E-2
Event Number (500 fb−1, ceff = 1.0) 1800 8.10E+5 1400 1800 2700 3100
S/
√
S +B(500 fb−1, ceff = 1.0) 2.0 σ
TABLE III: Cut flow table for Zh2, Z → `+`−, h2 → χ1χ1τ+τ−. Cross sections for backgrounds include preselection cuts of
at least one jet with pT > 20 GeV and leptons with pT > 20 GeV. Leptons from decays of gauge bosons include e, µ, and τ .
For these purposes, we adopt the Zh2 production mode,
with Z → `+`−, with ` = e or µ. The signal is then a
dilepton Z candidate, a relatively soft b-tagged jet, and
6ET.
mh1 mh2 mχ1 mχ2
h1 → bb¯ 20 GeV 125 GeV 30 GeV 80 GeV
TABLE IV: Benchmark used for the collider analysis of h2 →
bb¯+ 6ET.
The main backgrounds for our signal are Z+ heavy
flavor jets, including Zg, g → bb¯, g → cc¯, and Zc + Zc¯
production, and tt¯. We adopt 60% for our b-tagging ef-
ficiency, 10% for charm-mistagging, and 1% for the re-
maining light flavor jet mistagging. While our dominant
background will be from Zg with gluon splitting to two
b-quarks, there is still a non-negligible background from
the charm-mistag background.
After our mild preselection requirements, 2 the start-
ing cross sections at
√
s = 14 TeV LHC are 48.4 pb
for Zbb¯, 32.8 pb for Zcc¯, 138.9 pb for Zc + Zc¯, with
subsequent Z → e+e−, µ+µ−, or τ+τ− decay, 41.8 pb
for tt¯+ jets, requiring the fully leptonic decays of the
tops, and 0.098 ×ceff pb for our Zh2 signal, again re-
quiring Z → e+e−, µ+µ−, or τ+τ−. The tt¯ and signal
cross sections are normalized the same as with the τ+τ−
analysis. Events are clustered with the angular-ordered
Cambridge-Aachen algorithm [86, 87] with distance pa-
rameter R = 1.2, in order to capture the larger bb¯ system.
We again start by identifying the leptonic Z candi-
date, where the hardest dilepton pair must be an e+e−
or µ+µ− pair with each having pT > 40 GeV and satis-
fying 81.2 GeV < m`` < 101.2 GeV. Again, this helps to
eliminate the non-resonant dilepton background from tt¯,
as evident in Fig. 7.
We then require 6ET > 120 GeV. In contrast with the
τ+τ− case, the signal carries a longer and harder 6ET
tail (see Fig. 8) arising from the different mass splittings
in the benchmark we adopted. This cut is effective at
eliminating the Z+ heavy flavor jet backgrounds, but
the remaining contributions from these backgrounds are
2 We adopt the typical default requirements set in MadGraph 5
except for the Z + g background, we require the leptonic decay
products of the Z to have pT > 30 GeV.
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FIG. 7: Differential cross section vs. m`` of same flavor, op-
posite sign lepton pairs for signal ×200 (green), Zbb¯ back-
ground (red), Zcc¯ background (magenta), Zc, Zc¯ background
(yellow), and tt¯ background (blue) for the 14 TeV LHC. The
black vertical lines indicate the mass window cut used requir-
ing 81.2 < mll < 101.2 GeV. We have set ceff = 0.5 for this
channel.
difficult to control because their MET tail again arises
from our jet energy smearing.
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FIG. 8: Differential cross section vs. MET for signal ×20
(green), Zbb¯ background (red), Zcc¯ background (magenta),
Zc, Zc¯ background (yellow), and tt¯ background (blue) for the
14 TeV LHC after the Z mass window cut. The black vertical
lines indicate our MET> 120 GeV cut. We have set ceff = 0.5.
We now count the number of b-tagged jets with pT >
20 GeV. Since the signal is best identified when its two
bottom quarks are clustered into the same jet, as evident
in Fig. 9, we retain the 1 b-tag bin and discard events
with 0 or ≥ 2 b-tagged jets.
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FIG. 9: Differential cross section vs. b-tagged jet multiplicity
for signal ×20 (green), Zbb¯ background (red), Zcc¯ background
(magenta), Zc, Zc¯ background (yellow), and tt¯ background
(blue), after the Z mass window and MET cuts at the 14
TeV LHC. The black vertical lines indicate the required bin,
Nb−tags = 1, used in our analysis. We have set ceff = 0.5.
Having isolated the dilepton system as well as the cas-
cade decay of the h2 boson, we can apply an additional
cut with the expectation that the dilepton system recoils
against the collimated h2 cascade decay. We construct
the scalar sum pT of the h2 candidate, pT (h2, cand) =
pT (b-jet)+|6ET|, and then divide it by the pT of the dilep-
ton system: pT, frac ≡ pT (h2, cand)/pT (``sys). Shown in
Fig. 10 is the distribution of the transverse momentum
fraction, pT, frac ≡ pT (h2, cand)/pT (``sys). We observe
that the cutting on pT, frac works well at reducing the tt¯
background, where the MET signal tends to arise from
neutrinos of separate decay chains instead of a single cas-
cade decay. We require 0.8 < pT, frac < 1.2 to isolate
well-balanced Zh2 candidate events.
 fraction
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FIG. 10: Differential cross section vs. pT,frac, as defined in
the text, for signal (green), Zbb¯ background (red), Zcc¯ back-
ground (magenta), Zc, Zb¯ background (yellow) and tt¯ back-
ground (blue), after applying the Z mass window, MET, and
Nb−tag = 1 cuts at the 14 TeV LHC. The black vertical lines
indicate the pT,frac window, 0.8 < pT,frac < 1.2, requirement
in our analysis. We have set ceff = 0.5.
After these cuts, we find that we have 2.0σ exclusion
sensitivity with 50 fb−1 of 14 TeV LHC luminosity. For
ceff = 0.1, which is the expectation for the ultimate sensi-
tivity of the LHC to an exotic decay mode of the SM-like
Higgs via coupling fits [67], we estimate that about 1.2
ab−1 of 14 TeV LHC luminosity is required for 2.0σ sen-
sitivity, although this luminosity scaling does not include
any estimation of systematic effects. Complete cut flow
information and sensitivity calculation are presented in
Table V. The dominant background is from Zbb¯, which
could be further reduced with a grooming procedure look-
ing for hard subjets if the signal were further on the bb¯
continuum tail, as demonstrated in [1]. For our current
benchmark, however, the lighter h1 mass and the softer
subjets render the grooming procedure ineffective at re-
solving the signal from the continuum background. Al-
ternative jet substructure techniques, however, could be
promising tools to resolve the h1 → bb¯ signal bump, but
additional handles on issues like subjet resolution and
pile-up mitigation would also need to be taken into ac-
count. As with the h1 → τ+τ− scenario, further im-
provements could be made by studying traditional pair
production modes of supersymmetric particles. The pos-
sibility of identifying single jets with multiple displaced
vertices, corresponding to multiple b-hadron candidates,
would also be a promising avenue for signal extraction.
We will leave these interesting questions for future work.
IV. CONCLUSIONS
In this article, we emphasized that the nearly PQ-
symmetry limit provides a supersymmetric benchmark
for both a singlino-like sub-EW scale DM, as well as
novel exotic decays of SM-like Higgs, h2 → χ1χ2 and
h2 → χ2χ2, with the bino-like χ2 further decaying in
multiple ways. The collider signature of this new cate-
gory of exotic Higgs decays is characterized by MET and
some visible objects, with or without a resonance. We
have pursued the h2 → χ1χ2 → h1/a1χ1χ1 mode, which
is favored more by kinematics, and presented analyses
of the τ+τ− and bb¯ channels for extracting these signals
from the SM backgrounds.
In the first analysis, we studied a benchmark model
with mh1 = 8 GeV, mχ1 = 10 GeV, and the decay
h2 → τ+τ− 6ET, where we adopted a track-based identifi-
cation of pair of hadronic taus decays. We motivated the
Zh2, Z → `+`− production mode as the easiest trigger
path, but nevertheless the relatively moderate MET from
our signal implies the very large background from Z+
jets cannot be dramatically reduced. We estimate that
roughly 500 fb−1 of 14 TeV LHC luminosity is required
to have 2σ exclusion sensitivity to this channel. Improv-
ing this channel would require new kinematic handles or
alternative τ decay channels.
In the second analysis, we studied a GC gamma ray
excess benchmark with mh1 = 20 GeV, mχ1 = 30 GeV
and h1 → bb¯. The Zh2, Z → `+`− production mode
again provided a good trigger path, and the effective b-
tagging requirements and larger MET signature of our
signal were significantly more effective at reducing SM
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Cut and Zh2 Zbb¯ Zcc¯ Zc+ Zc¯ tt¯
Efficiencies 0.098 ×ceff pb 48.4 pb 32.8 pb 138.9 pb 41.8 pb
At least two SF, OS leptons with pT > 40 GeV,
within Z window 0.1946 0.1774 0.1707 0.1634 0.01193
MET > 120 GeV 5.547E-2 9.597E-4 1.205E-3 4.213E-4 1.765E-3
Nb−tags = 1, jet pT > 20 GeV 2.303E-2 3.294E-4 1.231E-4 2.620E-5 7.058E-4
0.8 < pT, frac < 1.2 2.105E-2 1.935E-4 4.265E-5 1.160E-5 7.565E-4
Event Number (50 fb−1, ceff = 0.5) 40 213 53 64 26
S/
√
S +B(50 fb−1, ceff = 0.5) 2.0 σ
TABLE V: Cut flow: Analysis cuts and efficiency table for the h1 → bb¯ channel, mh1 = 20, χ1 = 30, χ2 = 80 GeV. The decays
Z → `+`− and W → `ν, ` = e, µ, τ are included in the quoted cross sections.
backgrounds. Using ceff = 0.5, we estimate that 50 fb
−1
of 14 TeV LHC luminosity is needed to reach 2σ exclusion
sensitivity for this benchmark. As reiterated from [1], one
novel cut used in this analysis took advantage of the fact
that for the decay topology in Fig. 1, the MET arises
only from the h2 decay, in contrast to the usual MET
signatures of pair-produced MSSM superpartners or SM
tt¯ background.
The possibilities other than the ones discussed here
(e.g., h2 → χ2χ1 with different χ2 decay modes, as well
as h2 → χ2χ2) can lead to collider signatures and kine-
matics requiring different analyses from those we have
presented. Additional production modes, such as those
arising from pair production of superpartners, are also
promising probes for studying the singlet-like h1 and
singlino-like χ1 states. We will leave these interesting
topics for a future study.
[Note added]: While this article was in preparation,
the papers by T. Han, et. al. [88] and by C. Cheung, et.
al. [89] appeared, which partially overlap with this one in
discussing the potential role of the nearly PQ-symmetry
limit of the NMSSM, a supersymmetric benchmark for
sub-EW scale singlino-like DM [2], in explaining the GC
gamma ray excess. A notable difference, however, is that
we emphasize the connection between sub-EW scale DM
and the exploration of semi-visible exotic decays of the
125 GeV Higgs boson, MET + visible, at colliders [1],
while [88] is focused on the mechanisms to achieve cor-
rect relic density and [89] is dedicated to the study on
explaining the GC gamma-ray excess in supersymmetric
scenarios.
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Appendix A: Mass Eigenvalues and Eigenstates of
the CP -even Higgs Sector in the PQ Limit
The mass eigenvalues of the CP -even Higgs sector in
the Peccei-Quinn limit are given by
m2h1 = −
4(λ2v2µ2ε′2)
m2Z
+
4λ2v2
m6Z
(
4v2ε′4λ2µ4 +
m4Z(1− ε′)(m2Z + 2ε′µ2)
tan2 β
)
+
∑
i
O
(
λ5−i
tani β
)
,
m2h2 = m
2
Z +
(−4m2Z
tan2 β
+
4v2ε′2λ2µ2
m2Z
)
+
∑
i
O
(
λ3−i
tani β
)
,
m2h3 = (1 + ε
′)µ2 tan2 β + (1 + ε′)µ2
+
(
3m2Z
tan2 β
+ v2(1 + ε′)λ2
)
+
∑
i
O
(
λ3−i
tani β
)
. (A1)
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In the extremal limit λ = 0, m2h2 is reduced to
m2h2 = m
2
Z +
−4m2Z
tan2 β
+
∑
i
O
(
λ3−i
tani β
)
= M2Z cos
2 2β +
∑
i
O
(
λ3−i
tani β
)
(A2)
a familiar result in the MSSM. The eigenstates of the
three CP -even Higgs are given by
S1d =
λv
tanβ
(
1
µ
+
2ε′µ
m2Z
)
+
∑
i
O
(
λ3−i
tani β
)
,
S1u =
2vε′λµ
m2Z
+
∑
i
O
(
λ3−i
tani β
)
,
S1s = 1 +
∑
i
O
(
λ3−i
tani β
)
,
S2d =
1
tanβ
+
∑
i
O
(
λ2−i
tani β
)
,
S2u = 1 +
∑
i
O
(
λ2−i
tani β
)
,
S2s = −2λε
′vµ
m2Z
+
∑
i
O
(
λ2−i
tani β
)
,
S3d = 1 +
∑
i
O
(
λ2−i
tani β
)
,
S3u = − 1
tanβ
+
∑
i
O
(
λ2−i
tani β
)
,
S3s = 0 +
∑
i
O
(
λ2−i
tani β
)
. (A3)
For our purposes, the eigenvalue and eigenstate of the
lightest CP -even Higgs boson are calculated to an order
above the other two.
Appendix B: Calculation of yh2a1a1
In this Appendix, we calculate the coupling yh2a1a1
using the properties of the Goldstone boson. In the polar
coordinates of the Higgs fields, yh2a1a1 arises from the
kinetic term of a1. We will take the kinetic term of Hd
as an illustration. We write Hd as
Hd =
(
vd +
S1dh1 + S2dh2 + S3dh3√
2
)
× exp
(
i(P1da1 + P2da2 + P3da3)
vd
)
. (B1)
The relevant term in the Hd kinetic term expansion is
∂H∗d∂Hd ∼
√
2
S2dP
2
1d
vd
h2∂a1∂a1 . (B2)
Because a1 is massless, we have ∂a1∂a1 = p
2
a1a
2
1 =
m2h2
2 =
m2Z
2 +
∑
i
O (λ2−i/ tani β). So the contribution of the Hd
kinetic term to the yh2a1a1 is
S2dm
2
h2
P 21d√
2vd
. (B3)
With all Higgs kinetic terms incorporated, we have
yh2a1a1 =
m2Z√
2
(S2dm2h2P 21d
vd
+
S2um
2
h2
P 21u
vu
+
S2sm
2
h2
P 21s
vS
)
. (B4)
with P1d,1u,1s defined in Eqs. (3)−(5) after decomposing
the superfields and isolating into pseudoscalar compo-
nents. This immediately reproduces Eq. (15).
Appendix C: Further discussion of the saxion mass
Unlike the axino, the saxion may obtain sizable mass
corrections in its diagonal mass term or via its mixing
with other massive particles, with SUSY softly broken.
The diagonal saxion mass at tree level is given by
m2s =
∑
i,j
qivi
vPQ
Mij
qjvj
vPQ
(C1)
with
Mij =
∂2V
∂φi∂φj
+
∂2V
∂φ∗i ∂φj
∣∣∣∣
φi,j ,φ∗i,j=vi,j
(C2)
being the squared mass matrix. Then we see
m2s = 4v
2(1 + ε′)λ2 , with ε′ =
Aλ
µ tanβ
− 1 , (C3)
where Aλ is the soft trilinear scalar coupling of Eq. (1).
The corrections from mixing, however, can be of the same
order. With the mixing corrections included, the tree-
level saxion mass is given by
m2s = −
4(λ2v2µ2ε′2)
m2Z
+
4λ2v2
m6Z
(
4v2ε′4λ2µ4 +
m4Z(1− ε′)(m2Z + 2ε′µ2)
tan2 β
)
+
∑
i
O
(
λ5−i
tani β
)
. (C4)
At tree level, the first term is negative, while the second
term is smaller than the first by a factor
∑
i
O
(
λ2−i
tani β
)
.
Thus, to avoid a tachyonic vacuum,
ε′2 <
m2Z
µ2 tan2 β
(C5)
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is required [2]. This condition sets an upper bound for
the tree-level m2s
m2s <
4v2λ2
tan2 β
(C6)
which is (O(10) GeV)2 or lower in the context we con-
sider.
The O(10) GeV saxion mass feature can be seen in
another way. It is easy to calculate the determinant of
the mass squared matrix of the CP -even Higgs bosons,
which is given by
detM = −4λ2v2 tanβ2µ4(1 + ε′)
×
(
ε′2 − m
2
Z(1− ε′)− ε′(2 + ε′)µ2
µ2 tan2 β
)
+
∑
i
O
(
λ4−i
tani β
)
. (C7)
To avoid a tachyonic vacuum at tree-level, the determi-
nant must be positive, which immediately leads to the
condition given in Eq. (C5) if ε′ > −1.
We now address the question of why the saxion mass
does not get a large mass correction from the soft SUSY
breaking mass term of the singlet field, even though the
saxion is singlet-like. Recall the vacuum stability con-
ditions are twofold. First, the Higgs potential must be
locally flat at the vacuum point, so its first-order par-
tial derivative with respect to the field variables must be
zero. Second, the physical masses of the scalar particles
cannot be negative, which implies that the second-order
partial derivative with respect to the mass eigenstates
must be positive. The latter has been discussed above
via the determinant argument. To see what the former
implies, we start by expressing the scalars as
H0u = vu +
HRu + iH
I
u√
2
,
H0d = vd +
HRd + iH
I
d√
2
,
S = vS +
SR + iSI√
2
. (C8)
We can derive the locally-flat conditions for the CP -
even Higgs components 3 and re-express the soft SUSY-
breaking Higgs masses in terms of λ, Aλ, vu, vd and vS .
At tree level, they are given by
m2Hd = −µ2 +Bµ tanβ −
m2Z
2
cos 2β ,
m2Hu = −µ2 +Bµ cotβ +
m2Z
2
cos 2β ,
m2S = −λ2v2 +Aλλ2v2
sin 2β
2µ
, (C9)
where
Bµ = µAλ − λ
2v2 sin 2β
2
, (C10)
and µ = λvS as usual. For tan
2 β  1, the right hand
side of Eq. (C9) can be expanded as
m2Hd = µ
2 tan2 β(1 + ε′)
−µ2 − λ2v2 + M
2
Z
2
+O
(
1
tan2 β
)
,(C11)
m2Hu = µ
2ε′ − M
2
Z
2
+O
(
1
tan2 β
)
, (C12)
m2S = λ
2v2ε′ +O
(
1
tan2 β
)
. (C13)
So, m2S needs to be much smaller than the squared EW
scale to get a stable vacuum. Thus, in the PQ symmetry
limit, the vacuum stability forbids the saxion to obtain a
large mass correction from softly SUSY breaking effects.
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